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Using retrograde HRP labeling from the optic nerve (ON) or optic tectum (OT), we have visualized large ganglion cells (LGCs) in
wholemounted retinas of the teleost Pholidapus dybowskii and studied their morphology and spatial properties. In all, three LGC types
were distinguished. In a previous paper, detailed data were provided on one type, biplexiform cells [Pushchin, I. I., & Kondrashev, S. L.
(2003). Biplexiform ganglion cells in the retina of the perciform ﬁsh Pholidapus dybowskii revealed by HRP labeling from the optic nerve
and optic tectum. Vision Research, 43, 1117–1133]. Here, we present data on the other two conﬁrmed types, aa and aab cells. The types
diﬀered in the level of dendrite stratiﬁcation, dendrite arborization pattern, dendritic ﬁeld size, and other features, and formed in the
retina signiﬁcantly non-random, spatially independent mosaics. Both types were labeled from the OT, indicating their participation in
OT-mediated visual reactions. The comparison of spatial properties of aa and aab mosaics labeled from the ON and OT suggests that
the OT is the major or one of the major projection areas of both types. We also describe the morphology of cells resembling ac cells
of other ﬁshes, which were only labeled from the ON. The LGC types presently revealed were similar in their morphology to LGCs found
in other teleosts supporting the hypothesis of LGC homology across the teleost lineage.
 2007 Elsevier Ltd. All rights reserved.
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Large retinal ganglion cells (LGCs) diﬀer from other
ganglion cells (GCs) in the considerably larger size of their
dendritic ﬁelds and somata. They are found in the vast
majority of the vertebrates studied (e.g., lamprey: Fritzsch
& Collin, 1990; shark: Stell & Witkovsky, 1973; lungﬁsh:
Bailes, Trezise, & Collin, 2006; garﬁsh: Collin & Northcutt,
1993; goldﬁsh: Cook, Becker, & Kapila, 1992; catﬁsh:
Cook & Sharma, 1995; salamander: Arkin & Miller,
1988; frog: Frank & Hollyﬁeld, 1987; turtle: Guiloﬀ &0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2007.07.004
* Corresponding author. Fax: +7 4232 310900.
E-mail address: pushchin@imb.dvo.ru (I.I. Pushchin).Kolb, 1992; gecko: Cook & Noden, 1998; chick: Naito &
Chen, 2004; rabbit: DeVries & Baylor, 1997; mouse: Kong,
Fish, Rockhill, & Masland, 2005; cat: Wa¨ssle, Peichl, &
Boycott, 1981; monkey: Yamada, Bordt, & Marshak,
2005). To date, morphology-based LGC classiﬁcations
have been proposed for a considerable number of ﬁsh spe-
cies (e.g., Collin, 1989; Collin & Northcutt, 1993; Dunn-
Meynell & Sharma, 1986; Hitchcock & Easter, 1986; Man-
grum, Dowling, & Cohen, 2002; Podugolnikova, 1985;
Stell & Witkovsky, 1973). However, the comparative anal-
ysis of LGCs is hindered by a haunting suspicion that some
LGC populations described as types are actually not natu-
ral types in the sense of Cook (1998), i.e., distinct ontoge-
netic entities, produced by diﬀerent series of cell-fate
decisions, but rather they are arbitrary mixtures or subsets
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the analysis of the spatial arrangement of these cells in the
retina. GCs, as well as other retinal neurons, form non-ran-
dom, generally spatially independent mosaics. Cook and
colleagues proposed that GCs forming an independent,
regular mosaic are likely to constitute a single natural type
(Cook & Becker, 1991; Cook et al., 1992). There is pro-
found evidence that Cook’s dogma of ‘‘one type — one
mosaic’’ is true, with a possible exception of a few special
cases (Cook & Chalupa, 2000). Using this mosaic-based
approach, Cook with colleagues (Cook & Becker, 1991;
Cook, Kondrashev, & Podugolnikova, 1996; Cook, Podu-
golnikova, & Kondrashev, 1999; Cook & Sharma, 1995;
Cook et al., 1992) described four LGC types in a number
of teleost species diﬀering in the level of dendrite stratiﬁca-
tion and forming regular, spatially independent mosaics.
Similar types were found in amphibia and a reptile (Cook
& Noden, 1998; Shamim, Scalia, Toth, & Cook, 1997; Sha-
mim, Toth, Becker, & Cook, 1999; Shamim, Toth, & Cook,
1997). At the same time, mammalian LGCs, which also
form regular independent mosaics, diﬀer from non-mam-
malian ones in many aspects (Jeyarasasingam, Snider,
Ratto, & Chalupa, 1998; Sernagor, Eglen, & Wong,
2001). Bearing this in mind, Cook and Noden (1998) pro-
posed that LGCs of all non-mammalian jawed vertebrates
share a set of primitive (symplesiomorphic) characters,
while mammalian LGCs share a set of diﬀerent (synapo-
morphic) characters. The homology of particular LGC
types in some species has been strongly supported in a
number of studies. A good example is aab cells in two neo-
teleost ﬁshes, Bathymaster derjugini and Oreochromis spilu-
rus, whose homology is supported both by their high
structural similarity and by the close phylogenetic relation-
ship between these species (Cook et al., 1999). However, to
get a comprehensive, yet detailed picture of evolutionary
changes of LGCs and reveal their equivalent types in diﬀer-
ent anamniote lineages, systematic studies of these cells in a
considerable number of species, including agnathans, are
required. Such studies are also important to diﬀerentiate
between two factors determining GC properties in a partic-
ular species, the species’ modus vivendi and phylogenetic
position.
The functional role of ﬁsh LGCs remains largely
unclear. In this connection, their central projections are
of considerable interest. To date, some ﬁfteen primary
visual centers have been identiﬁed in the ﬁsh brain (Butler
& Saidel, 1993). The most important of them is the optic
tectum (OT), both because of the high proportion of GC
axons terminating there and its principal role in ﬁsh visual
behavior (Allaerts, 1999; Saidel & Butler, 1997).
In ﬁsh, the retinotectal projection has been extensively
studied in many ways (e.g., Fernald, 1982; Johnson, Daw-
son, & Meyer, 1999; Meyer & Kageyama, 1999; Wang &
Meyer, 2000). Given the huge amount of accumulated
data, it is surprising that morphological types of OT-pro-
jecting ﬁsh GCs remain largely unknown. Podugolnikova,
Kondrashev, and Pushchin (2002) studied the morphologyof OT-projecting LGCs in two scorpaeniform ﬁshes, Myo-
xocephalus stelleri and Hexagrammos octogrammus. In all,
three types were identiﬁed based on earlier LGC classiﬁca-
tions (Podugolnikova & Kondrashev, 1998; Podugolnik-
ova, Kondrashev, & Cook, 1998a; Podugolnikova,
Kondrashev, & Cook, 1998b; see Section 4).
Collin and Northcutt (1995) studied GCs projecting to
the ipsi- and contralateral OT in the Florida garﬁsh Lep-
isosteus platyrhincus. The cells were retrogradely labeled
with rhodamine-conjugated dextran amines from the medi-
orostral pole of the right OT. Heterogeneous LGC popula-
tions were found in both the ipsi- and contralateral retinae.
The authors mention that the primary dendritic ﬁelds of
RDA labeled ganglion cells allowed them to identify spe-
ciﬁc ganglion cell classes based on an earlier-proposed clas-
siﬁcation (Collin & Northcutt, 1993). However, they
provide no detailed description of these classes.
Saidel and Butler (1997) observed GCs retrogradely
labeled with DiI from the OT in the African butterﬂy ﬁsh
Pantodon buchholzi. Their Fig. 3B presents a micrograph
of a wholemounted retina, where GC bodies of diﬀerent
size can be seen. The authors, however, provide no descrip-
tion of dendritic morphology or detailed classiﬁcation of
these cells.
We revealed four LGC types in a neoteleost Pholidapus
dybowskii. Depending on the level of dendrite stratiﬁcation,
they were called aa, aab, ac, and biplexiform cells following
the nomenclature of Cook and Sharma (1995). Diﬀerent
LGC types form regular independent mosaics in the Phol-
idapus retina. Later, we found that all types, except ac, pro-
ject to the OT (Kondrashev & Pushchin, 2001;
Kondrashev, Pushchin, & Podugolnikova, 1999). In an ear-
lier paper (Pushchin & Kondrashev, 2003), we focused on
one of the Pholidapus LGC types, biplexiform cells. Here,
we describe the morphology, spatial arrangement, and tec-
tal projection of the other LGC types found in this species.
Parts of this study have been published previously in
abstract form (Kondrashev & Pushchin, 2001; Kondrashev
et al., 1999; Podugolnikova & Kondrashev, 1998).
2. Materials and methods
2.1. Specimen preparation
Fish 13–15 cm long were caught in the Bay of Peter the Great (Sea of
Japan) oﬀ Vladivostok during May–October and kept in aerated water at
12–18 C and maintained in a natural light/dark cycle. A ﬁsh was deeply
anesthetized with MS-222 (3-aminobenzoic acid ethyl ester, methanesul-
fonate salt; Sigma Chemical Co., St. Louis, MO; 0.01–0.03% seawater
solution) and allowed to survive in the holder by passing fresh oxygen-
ated seawater over the gills. In the case of labeling from the OT, the skin
and upper part of the cranium opposite to the OT were removed. The
brain surface was slightly air dried, a piece of dura mater covering the
dorsomedial OT was carefully removed, and small crystals of horseradish
peroxidase (Sigma Type VI) were applied to lesions made in the dorsome-
dial part of one or both tectal hemispheres. For the next 10–15 min, the
cranium remained open and excessive hemolymph was removed with a
ﬁne pipette. The excised cranial and dermal tissues were then replaced,
and the junctures were thoroughly repaired with cyanoacrylate glue.
The ﬁsh was perfused with water over the gills for 10–15 min and main-
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dures of GC labeling from the ON and retinal wholemount preparation
were as described by Cook et al. (1996). In brief, a ﬁsh was prepared as
above, the conjunctiva near the eye was incised, and the eye was rotated
to make the ON available to manipulation. The ON was partially or
completely cut, and small HRP crystals were applied to the lesioned optic
nerve (ON) ﬁbers. The conjunctiva was repaired with cyanoacrylate glue,
the ﬁsh was perfused with water over the gills for 10–15 min and main-
tained for 3–4 days under the same conditions as intact ﬁsh. It was then
dark adapted for 1–1.5 h, deeply anesthetized with MS-222, and decapi-
tated. The eyes were removed, and the retinae were isolated and ﬁxed.
They were then washed in phosphate buﬀer, developed in diaminobenzi-
dine solution, dehydrated through an ethanol series of increasing concen-
trations, cleared in xylene, and wholemounted onto a slide with a ﬁlm
grid of 0.5-mm squares sandwiched between the retina and the slide
(Cook, 1987). A total of 28 ﬁsh were used in these experiments. The ﬁsh
were treated in strict accordance with the European Communities Coun-
cil Directive of 24 November, 1986.2.2. Cell morphology analysis
For this part of the study, 42 retinal wholemounts were used, 36 pre-
pared after HRP application to the ON, and the remaining six, after HRP
application to the OT. Cells were observed in an Olympus microscope
(BHS model) with 100/1.25 (oil) and 40/0.7 (dry) SPlan objectives. When
drawing cells and measuring dendritic depths, the 100/1.25 objective and
RA-6 drawing tube (Leningrad Optical and Mechanical Company, St.
Petersburg, Russia) were used. Relative dendritic depths were measured
by readings of a ﬁne adjustment knob of the microscope as recommended
by Harris (1985). This allowed a repeatable resolution of about 1 lm to be
achieved that was slightly more than the focal depth of the objective
(0.68 lm). Since in all wholemounts, total inner plexiform layer
(IPL) thickness varied from 30 to 50 lm, this was suﬃcient for reliable
measurement of dendrite stratiﬁcation depth in the IPL. The IPL
depth was estimated by visualizing unstained cell outlines using Nomarski
diﬀerential contrast. All depths were recorded relative to the local depth
of the ganglion cell layer to compensate for retinal undulations. For
several representative cells, a detailed radial view was reconstructed from
many individual depth measurements, as described by Cook and Sharma
(1995).
Since the estimated refractive index of the DPX mounting medium
(1.51–1.52) was close to that of the immersion medium (1.515), no correc-
tion of measured absolute depths was performed. Fine focus knob read-
ings were calibrated as described in Harris (1985). Corrections for
specimen shrinkage, which was estimated to lie within 3–5%, were not
attempted. Kruskal–Wallis ANOVA-on-Ranks with post hoc Dunn’s tests
was used to reveal possible diﬀerences in dendritic ﬁeld area between three
large GC types.1 Sublamina a is taken to be the most sclerad two-ﬁfths of the IPL;
sublamina b, to be the next two-ﬁfths, and sublamina c, to be the most
vitread ﬁfth of the IPL (Cook & Sharma, 1995; Cook et al., 1999).2.3. Cell distribution analysis
Cell distributions were plotted using the ‘‘improved plotting proce-
dure’’ (Cook, 1987) and computerized as described by Cook et al.
(1996), with slight modiﬁcations. In brief, a piece of photographic ﬁlm
with a grid of 0.5 mm squares was placed under the wholemount providing
a retina-wide coordinate system. The grid allowed plotting large whole-
mount areas without accumulating positional errors. By means of a draw-
ing tube, the position of each cell was plotted onto a paper map, which
was then digitized using the TABLYT program generously provided by
J. E. Cook, University College, London.
Cell distribution properties were studied by the methods of nearest
neighbor distance (NND) (Cook, 1996; Wa¨ssle & Riemann, 1978) and
two-dimensional correlographic analysis (Rodieck, 1991).
Standard algorithms (Cook & Becker, 1991) were applied to compute
NNDs, their frequency distribution, mean, and standard deviation. As an
estimation of mosaic regularity, the conformity ratio (the ratio of the
mean NND to its standard deviation) was used since it reacts conserva-tively to boundary eﬀects and, to a lesser degree, to random undersam-
pling and is therefore preferable when studying spatial properties of
small or irregular-shaped mosaics (Cook, 1996, 1998). The conformity
ratio ‘‘ready-reckoner’’ of Cook (1996) was used to determine the signiﬁ-
cance of each mosaic’s conformity ratio. Kolmogorov–Smirnov one-sam-
ple comparisons were made between the observed distribution of NNDs
and two theoretical curves, the Gaussian distribution with the same mean
and standard deviation and the Rayleigh distribution of predicted NNDs
for a random (Poisson-distributed) population of the same average
density.
Spatial auto-correlograms, cross-correlograms, and density recovery
proﬁles were plotted, and eﬀective radii of exclusion were calculated as
described in Rodieck (1991), with Cook and Sharma(’s) (1995) modiﬁca-
tions. The eﬀective radius of exclusion is a measure of the territory around
each member of the mosaic free of other such members. It is highly resis-
tant to both boundary and undersampling eﬀects and is thus preferable for
the analysis of small or irregularly shaped mosaics.3. Results
3.1. Large ganglion cells labeled from the optic nerve
3.1.1. Morphology
LGCs, as well as non-large GCs labeled from the optic
nerve, could be found everywhere in the retina. LGCs
could be easily distinguished by eye from neighbouring
non-large GCs by their considerably (at least 10-fold) lar-
ger dendritic ﬁelds. There was, however, no particular size
threshold as the areas of both GC groups varied across the
retina. LGCs also diﬀered from non-large GCs in larger
somata and thicker primary dendrites. The distribution of
both LGCs and non-large GCs in every single wholemount
was restricted to concentric annuli formed by labeled GCs
of similar age. Such a labeling pattern is accounted for by
the structure of the Pholidapus ON and peculiarities of
HRP administration (Scholes, 1979). Four putative LGC
types could be distinguished based on the level of dendrite
stratiﬁcation in the retina. aa cells were monostratiﬁed
within the scleral portion of the IPL (sublamina a1). aab
cells were bistratiﬁed within both scleral and vitreal por-
tions of the IPL (sublaminae a and b). Biplexiform cells
had two stratiﬁcation zones, one in the scleral half of the
IPL and the other at the boundary of the outer plexiform
layer (OPL) and inner nuclear layer (INL). ac cells had pla-
nar dendritic trees stratiﬁed within the vitreal portion of
the IPL.3.1.1.1. aa cells. A drawing of an aa cell in the wholemount
projection and a reconstruction of its side view are shown
in Fig. 1A and B. Fig. 1C and D presents micrographs of
an aa cell in two focal planes. aa cells had large rounded,
fusiform, or irregularly-shaped somata, lying orthotopical-
ly or displaced to various degrees into the IPL. The shape
of the soma was largely determined by the number of pri-
mary dendrites. Two to four smooth primary dendrites
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low-order dendrites were stratiﬁed within sublamina a of
the IPL. They rarely crossed and provided a uniform cov-erage of the cell’s area of inﬂuence. Dendrites of every
order were somewhat winding and bore rare en passant var-
icosities. The overall branching pattern of aa cells resem-
bled those of biplexiform cells’ inner subtrees, stratiﬁed in
the same IPL sublamina and often interlacing with aa
dendrites.
A 2–3 lm thick axon originated from either the soma or
a primary dendrite. It entered the nerve ﬁber layer, where it
could be traced up to the optic disk.
The size, shape, and orientation of aa dendritic ﬁelds
varied regularly across the retina. The ﬁelds within the cen-
tral retina were rounded or oval, while those at the far
periphery were usually stretched along the retinal margin.
However, they were always highly asymmetric, with the
body lying closer to the optic disk than the ﬁeld’s center
of mass. The cells in the dorsotemporal retina were appar-
ently smaller than those in the rest of the retina, although a
variable degree of understaining did not allow a precise
estimation of the diﬀerences. However, aa ﬁelds were
always larger than neighboring aab ﬁelds and were compa-
rable in size with neighboring biplexiform cells (aa:
0.1116 ± 0.0138 mm2, N = 10; aab: 0.0097 ± 0.0006 mm
2,
N = 14; bpx: 0.0977 ± 0.0153 mm2, N = 10; aa vs aab and
bpx vs aab, p < 0.001, aa vs bpx, diﬀerences are non-signif-
icant; Kruskal–Wallis ANOVA-on-Ranks with post hoc
Dunn’s tests).The dendritic ﬁelds of neighboring aa cells
respected each other’s space resulting in a uniform tiling
of the retina with little, if any, overlap (Fig. 2A). At the
same time, they overlapped considerably and non-system-
atically with neighboring biplexiform and aab ﬁelds
(Fig. 2D).3.1.1.2. aab cells. A drawing of an aab cell in the whole-
mount projection and a reconstruction of its side view
are shown in Fig. 3A and B. Fig. 3C–E present micro-
graphs of an aab cell at three diﬀerent focal planes. aab cells
had large rounded or irregular-shaped somata. Most
somata were orthotopic, with a small portion displaced
to a varying degree to sublamina c of the IPL. As in the
case of aa cells, the shape of the soma was largely deter-
mined by the number of primary dendrites. Two to four
primary dendrites arose from the soma branching pro-
fusely. The dendrites branched more densely, were more
meandering, and tapered more rapidly than those of aa
cells. Low-order dendrites of aab cells arborized in sublam-Fig. 1. aa cells in the Pholidapus retina after HRP application to the optic
nerve. (A) Drawing of an aa cell in plan view, as seen in the wholemount.
(B) Reconstruction of the cell’s side view. The arrowheads mark the axon.
Small bars show approximate boundaries of the ﬁfths of the inner
plexiform layer. (C and D) Low-power micrographs of an aa cell in two
focal planes (Nomarski contrast). (C) The focal plane is close to the
boundary between the inner plexiform and ganglion cell layers. The aa
soma (asterisk) is displaced to the inner plexiform layer. (D) The plane is
centered on sublamina a of the inner plexiform layer. The bulk of aa
dendrite stratiﬁcation is seen. Dorsal is to the top, and temporal is to the
right. IPL, inner plexiform layer. GCL, ganglion cell layer. Bars (A, C, and
D) 100 lm; (B) 20 lm.
b
Fig. 2. Overlapping populations of large ganglion cells from dorsonasal
retina. (A–C) aa, aab, and biplexiform cells, respectively, shown in
isolation, all to the same scale. Note apparent non-random position of
homotypic somata and dendritic arbors respecting each other’s space. (D)
The cells in (A–C) shown in their true retinal context. Note irregular
relative position of heterotypic somata and dendritic arbors. (E) The
striped region shows the location of the mosaics presented in (A–D) in the
retinal wholemount. The shaded circle represents area temporalis. The
compass shows the orientation of the wholemount. V, ventral; D, dorsal;
N, nasal; T, temporal. Bars (A–D) 400 lm.
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inner and outer subtrees separated by a ‘‘clear’’ zone sev-
eral micrometers thick, while in others, the two subtrees
were more diﬀuse and harder to discern. The subtrees’ rel-
ative areas were approximately proportionate. Each sub-
tree’s size was usually proportional to the amount ofFig. 3. aab cells in the Pholidapus retina after HRP application to the optic
nerve. (A) Drawing of an aab cell in plan view, as seen in the wholemount.
Dendrites stratiﬁed in sublamina b are shown in gray. (B) Reconstruction
of the cell’s side view. The arrowheads mark the axon. Small bars show
approximate boundaries of the ﬁfths of the inner plexiform layer. (C–E)
Low-power micrographs of an aab cell in three focal planes (Nomarski
contrast). (C) The focal plane is close to the boundary between the inner
plexiform and ganglion cell layers. The aab soma is marked with an
asterisk. (D) The plane is centered on sublamina b of the inner plexiform
layer. (E) The plane is centered on sublamina a of the inner plexiform
layer. The arrows in D and E point at dendrite fragments connecting
subtrees stratiﬁed in diﬀerent IPL sublaminae. Bars (A) 100 lm; (B)
20 lm; (C–E) 50 lm. Other conventions are as in Fig. 1.
cdendrites belonging to it. Occasional aab cells had one of
the subtrees much less elaborate than the other. Dendrites
of the same subtree rarely crossed, providing a uniform
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drites pertaining to diﬀerent subtrees seemed to be spatially
independent resulting in a considerable overlap between
the subtrees (in their projections to the wholemount
plane).
A thick axon originated from the soma. It entered the
nerve ﬁber layer, where it could be traced up to the optic
disk.
The size, shape, and orientation of aab dendritic ﬁelds
varied regularly across the retina, displaying generally the
same trends as aa cells. As in the case of aa cells, the den-
dritic ﬁelds of neighboring aab cells overlapped little, if at
all, resulting in a uniform tiling of the retina (Fig. 2B).Fig. 4. An ac cell in the Pholidapus retina after HRP application to the
optic nerve. (A) Drawing of the cell in plan view, as seen in the
wholemount. (B) Reconstruction of the cell’s side view. Small bars show
approximate boundaries of the ﬁfths of the inner plexiform layer. (C) A
low-power micrograph of the same cell (Nomarski contrast). Bars (A and
C) 100 lm; (B) 20 lm. Other conventions are as in Fig. 1.3.1.1.3. Biplexiform cells. As their name implies, biplexi-
form cells had two dendritic subtrees, the outer one,
stratiﬁed close to the INL/OPL boundary, and the inner
one, conﬁned to sublamina a of the IPL. Each subtree
was formed by one or more primary dendrites. The size
of both subtrees was comparable to those of neighboring
aa cells. A detailed description of these cells was pro-
vided in a previous paper (Pushchin & Kondrashev,
2003).
3.1.1.4. ac LGCs. In addition to the above types, LGCs
stratiﬁed within sublamina c of the IPL occasionally
occurred (Fig. 4). They were similar to aa cells in den-
drite arborization pattern, except for their level of strat-
iﬁcation. Like other LGCs, they possessed an axon that
could be traced within the optic ﬁber layer to the optic
disk. Their dendritic ﬁelds overlapped considerably with
those of neighboring aa, aab, and biplexiform cells and
exceeded them in size. Only a few such cells were found
in over one hundred wholemounts, including severely
overstained ones, obtained in both the previous and pres-
ent studies.
3.1.2. Spatial arrangement and numbers in the retina
The numbers and spatial density of aa and aab cells var-
ied considerably among wholemounts and diﬀerent regions
of the same wholemount. The spatial density of both cell
types was higher (as estimated by eye) in the middle of
the temporal retina (corresponding probably to areae reti-
nae temporalis of other ﬁshes), gradually decreasing
towards the retina periphery. The between-specimen diﬀer-
ences are obviously accounted for in part by balloon-like
expansion of the ﬁsh retina with age, which results in a
decrease in GC density (Hitchcock & Easter, 1986), and
in part by cell undersampling variability.
The spatial properties of LGC distributions were
described in detail earlier (Pushchin & Kondrashev, 2003;
see Table 1 and Figs. 6 and 7 therein) and will be only
brieﬂy reviewed here. The distributions of separate types
were apparently non-random, although not conspicuously
regular, all over the retina with the exception of the far
periphery. Their non-randomness was conﬁrmed by both
NND and correlographic analysis. In contrast, the regular-
ity of pairwise mixtures of mosaics of diﬀerent LGC types
occupying the same area was considerably lower, whether
assessed by eye or by NND and correlographic analysis,
suggesting spatial independence of the constituent mosaics.
The distributions of separate LGC types were apparently
spatially independent from those of non-large GCs. A pre-
cise analysis was not attempted since there is currently no
data on non-large GC types in Pholidapus.
The estimation of the total numbers of aa and aab cells
was based on nasal and dorsotemporal regions of two
wholemounts with areas of 24.27 and 20.12 mm2. The esti-
mates varied from 402 to 531 and from 616 to 1066 for aa
and aab cells, respectively. The aa:aab spatial density ratios
estimated from the observed densities of the overlapping
Table 1
Summary of the spatial properties of aa and aab mosaics in wholemounted retinae of Pholidapus dybowskii
Ganglion cell type Labeled from the optic nerve* Labeled from the optic tectum
aab aa aab aa aabd aab aad
Total retinal area (mm2) 20.12 20.12 20.12 20.12 18.21 19.97 19.97
Region of retinaa N N D-T D-T V-T V-T V
Sample area (mm2) 3.1 4.75 1.0 2.0 1.8 1.5 1.5
Number of cells in sample 95 95 53 44 44 49 26
Mean density (cells/mm2) 30.6 20 53 22 24.5 32.7 17.3
Total number of cells in the retinab 616 402 1066 442 — — —
Mean NND ± standard error of mean (lm) 116.3 ± 5.0 154.4 ± 4.8 85.3 ± 3.2 149.8 ± 7.0 145.5 ± 6.3 123.2 ± 6.6 214.6 ± 11.9
Standard deviation of NND (lm) 48.6 46.6 23.3 46.6 41.6 46.0 60.8
NND distribution diﬀerence from Rayleigh distribution 0.423 0.658 0.469 0.738 0.778 0.739 1.000
P-valuec 0.01 0.01 0.01 0.01 0.01 0.01 0.01
NND distribution diﬀerence from Gaussian distribution 0.154 0.058 0.200 0.241 0.16 0.16 0.22
P-valuec 0.05 n.s 0.05 n.s n.s n.s n.s
Conformity ratio 2.39 3.31 3.66 3.21 3.5 2.67 3.52
P-value 0.01 0.0001 0.0001 0.0001 0.0001 0.01 0.0001
Exclusion radius (lm) from autocorrelograms 64 94 51 88.5 82.5 74.5 150
P-value 0.0001 0.001 0.02 0.02 0.02 0.01 0.0001
n.s., diﬀerences are non-signiﬁcant.
a N, nasal; D-T, dorsotemporal; V-T, ventrotemporal, V, ventral.
b Calculated by extrapolation of the observed mosaic densities.
c As a measure of diﬀerence, Kolmogorov–Smirnov statistics is provided.
d Mosaics, presented in Fig. 7.
* From Pushchin and Kondrashev (2003).
3218 I.I. Pushchin et al. / Vision Research 47 (2007) 3212–3227mosaics in the nasal and dorsotemporal quadrants of the
20.12 mm2 wholemount were 1:1.53 and 1:2.40, respec-
tively. However, the respective estimates based on the
exclusion radii of the mosaics (assuming constant random
cell undersampling) were 1:1.91 and 1:3.39. The averaged
proportions of aa and aab cells to the overall number of ret-
inal ganglion cells in the same wholemount were 0.26 and
0.51%, respectively.
3.2. Large ganglion cells labeled from the optic tectum
After HRP application to either tectal hemisphere, only
GCs in the contralateral retina were labeled. The distribu-
tion of labeled GCs varied according to the size and posi-
tion of HRP application sites in the OT. However, it was
always restricted to the ventral hemiretina, suggesting that
the retinotectal projection in Pholidapus follows a pattern
found in other teleosts (Vanegas, 1983; Vanegas, Ebbesson,
& Laufer, 1984; Vanegas & Ito, 1983).
aa, aab, and biplexiform cells were identiﬁed in retinal
wholemounts after HRP application to the optic tectum.
No LGC types were found other than those discovered
after HRP application to the optic nerve.The identity of
OT-labeled aa, aab, and biplexiform cells was conﬁrmed
by their close similarity in dendrite morphology and strat-
iﬁcation to the respective cell types identiﬁed after HRP
application to the optic nerve. No ac-like cells were
revealed by this method.
In all, 217 OT-labeled LGCs were examined and identi-
ﬁed. Some cells were ﬁlled completely, while others were
apparently understained. The latter, however, could bemainly identiﬁed with conﬁdence based on the above
between-type diﬀerences. Camera lucida drawings and
micrographs of aa and aab cells, both separately and in
groups, are shown in Figs. 5 and 6.
Mosaics of aa and aab somata labeled from the OT
were apparently non-random, yet not strictly regular
(Fig. 7A and B). In two wholemounts, the overall num-
ber and undersampling degree of OT-labeled aa and aab
mosaics apparently satisﬁed the requirements of the near-
est neighbor distance (NND) and correlographic analy-
ses. The results of both analyses conﬁrmed our
impression of non-randomness of the mosaics (Table
1). The mosaics’ NND frequency distributions diﬀered
signiﬁcantly from Rayleigh distributions (theoretically
predicted NND frequency distributions for a random
sample of the same mean density) suggesting a high
degree of regularity of cell arrangement. Their good-
ness-of-ﬁt to Gaussian distributions with the same mean
and standard deviation was much better (diﬀerences were
non-signiﬁcant). The mosaics’ conformity ratios were
also signiﬁcantly high (Table 1). Density recovery proﬁles
(DRPs) obtained from the mosaics’ spatial autocorrelo-
grams all had a deep central well (Fig. 7E and F) provid-
ing independent evidence for non-random, anticlustered
mode of cell arrangement. The ratios of the eﬀective
radii, calculated from the DRPs, to their respective pro-
ﬁle bin widths diﬀered signiﬁcantly from those theoreti-
cally predicted for random samples (Rodieck, 1991).
The mosaics’ densities and other spatial properties were
comparable to those of aa and aab mosaics labeled from
the ON (Table 1).
Fig. 5. aa cells in the Pholidapus retina after HRP application to the optic
tectum. (A) Drawing of an aa cell in plan view, as seen in the wholemount.
(B) Reconstruction of the cell’s side view. Small bars show approximate
boundaries of the ﬁfths of the inner plexiform layer. (C) Low-power
micrograph of an aa cell (Nomarski contrast). The focal plane is centered
on sublamina a of the inner plexiform layer. The aa soma is slightly out of
focus as it lies deeper in the inner plexiform layer. The bulk of aa dendrite
stratiﬁcation is seen. Bars (A and C) 100 lm; (B) 20 lm. Other
conventions are as in Fig. 1.
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dendrites stratiﬁed in the distal retina, all LGCs with
cell bodies located in the INL and at least one den-
drite reaching the outer part of the INL were consid-
ered to be biplexiform cells. A careful inspection of
OT-labeled wholemounts revealed 29 biplexiform cells
in ﬁve retinae conﬁrming our previous ﬁndings that
Pholidapus biplexiform cells project to the OT. Like
OT-labeled aa and aab cells, they formed regular mosa-
ics in the retina.
No cells resembling ON-labeled ac cells were labeled
from the OT.4. Discussion
4.1. Large ganglion cells in the Pholidapus retina
4.1.1. Implications for classiﬁcation
The Pholidapus LGC types presently described diﬀer
from each other in many aspects, including dendrite arbor-
ization pattern, level of dendrite stratiﬁcation, dendritic
ﬁeld size, spatial arrangement, and number in the retina.
The somata of each type form a signiﬁcantly non-random,
spatially independent mosaic, while their pairwise mixtures
show far less regularity, often diﬀering insigniﬁcantly from
random distributions. The size, shape, and orientation of
dendritic trees of the same type vary regularly across the
retina, with neighboring trees respecting each other’s space.
In contrast, neighboring cells of diﬀerent types may overlap
to a variable degree. Together, these observations indicate
that Pholidapus aa and aab cells, as well as biplexiform cells,
described earlier, are natural types in the sense of Cook
(1998, 2003); see Section 1).
The situation with ac cells is less deﬁnite. Their apparent
number was far from enough to provide uniform, gapless
coverage of the retina, a requirement a natural GC type
is expected to satisfy (Cook, 2003). There may be several
explanations for this. The few ac cells found in our prepa-
rations may belong to a natural LGC type, most of whose
members were poorly, if at all, labeled. The capriciousness
and sporadicity of retrograde labeling of ac cells in various
ﬁsh and amphibia species have been mentioned by many
researchers (Cook & Becker, 1991; Cook & Noden, 1998;
Cook et al., 1999; Shamim, Scalia, Toth, & Cook, 1997a;
Shamim, Toth, Becker, & Cook, 1999; Shamim, Toth, &
Cook, 1997b). However, none of the available studies
reported so few and irregularly occurring ac cells as in
the present case.
Alternatively, the total number and spatial density of
Pholidapus ac cells may be so low that they fail to provide
a gapless tiling of the retina. If so, diﬀerentiating ac cell
neighbors may be positioned too far apart to form direct
(homotypic) contacts. In a number of studies, homotypic
contacts were found to play an important role in proper
positioning and shaping of GC dendritic ﬁelds (Hitchcock,
1989; Lohmann & Wong, 2001). However, Lin, Wang, and
Masland (2004) showed that in two lines of knockout mice,
where 80–95% of GCs degenerate early in development,
GCs of the same type form signiﬁcantly non-random mosa-
ics, but tile the retina incompletely. The dendritic arbors of
two knockout GC types were indistinguishable from nor-
mal in shape and size, despite a considerable (up to milli-
meters) space between nearest neighbors of the same
type. The authors concluded that the ‘‘primary phenotype
of retinal ganglion cells can develop without homotypic
contact’’. The coverage factor of some mammalian bipolar
cells is as low as 0.6 (Milam, Dacey, & Dizhoor, 1993).
These ﬁndings suggest that proper positioning and general
phenotype of at least some types of retinal neurons may
not require homotypic contacts, being instead controlled
Fig. 6. aab cells in the Pholidapus retina after HRP application to the optic tectum. (A) Drawing of an aa cell in plan view, as seen in the wholemount.
Dendrites stratiﬁed in sublamina A are shown in gray. (B) Reconstruction of the cell’s side view. The arrowheads mark the axon. (C–E) Low-power
micrographs of an aab cell in three focal planes (Nomarski contrast). (C) The focal plane is close to the boundary between the inner plexiform and ganglion
cell layers. The aab soma is marked with an asterisk. (D) The plane is centered on sublamina b of the inner plexiform layer. (E) The plane is centered on
sublamina a of the inner plexiform layer. The arrows in (D) and (E) point at dendrite fragments connecting subtrees stratiﬁed in diﬀerent IPL sublaminae.
(F) Overlapping groups of aa and aab cells from the ventrotemporal retina. aa cells are gray. Note apparently non-random position of homotypic, but not
heterotypic, somata and dendritic arbors respecting each other’s space. (G) A group of neighboring aab cells from the ventral retina. Bars (A and G)
100 lm; (B) 20 lm; (C–E) 50 lm; (F) 200 lm. Other conventions are as in Fig. 3.
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be the case in Pholidapus ac cells for the following reasons.
Assuming they constitute a natural GC type, their probable
physiological counterparts are so-called ON-type sponta-
neously active units, recorded from the OT in several tele-ost species of diﬀering ecology and systematic position
(Maximova, Orlov, & Dimentman, 1971; Zenkin & Piga-
rev, 1969). These units have extremely large receptive ﬁelds
reacting to general changes in illumination. Their presump-
tive function is participation in the regulation of ﬁsh activ-
Fig. 7. Spatial properties of aa and aab mosaics labeled from the optic
tectum. (A and B) Schematic representations of the mosaics. The soma
location of each mosaic member is shown with a dot. Bar, 0.5 mm. (C and
D) The striped regions show the location of the mosaics presented in (A)
and (B), respectively, in retinal wholemounts. The compass shows the
orientation of the wholemounts. V, ventral; D, dorsal; N, nasal; T,
temporal. (E and F) A deep and wide central well in the autocorrelograms
generated from the mosaics shown in (A) and (B), respectively, clearly
indicates a non-random, anticlustering mode of cell arrangement in both
mosaics. The falling oﬀ of density with increasing distance is an artefact of
the small and irregular sample size, which severely limits the scope for
neighbors to exist at all beyond a few multiples of the exclusion radius.
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Fulﬁlling this task potentially does not require a gapless til-
ing of the retina or ﬁne-tuning of dendritic arbors in the
sense of Lin et al. (2004).
Another possible explanation of the rare occurrence of
ac cells in Pholidapus is their being developmental abnor-
malities of another LGC type. It could be either an
unknown type or one of the LGC types described above.
The former is hardly probable (we never saw LGCs that
could be assigned by their morphology or position to an
LGC type other than the above four), while the latter needs
a detailed analysis. Both in mammalian and non-mamma-
lian vertebrates, some features of certain GC types such as
depth of soma or dendrite stratiﬁcation are known to vary
randomly across the retina (e.g., Cook & Becker, 1991;
Gomes, Silveira, Saito, & Yamada, 2005; Podugolnikova
et al., 1998a,b; Shamim et al., 1997a,b, 1999). However,
in all known cases, diﬀerent varieties of the same cell type
respect each other’s position, forming a single regular
mosaic as a result of their obedience to common regulatory
mechanisms (Chalupa, 1998; Galli-Resta, 1998). Even if
dendritic ﬁelds of neighboring GCs of the same type over-lap, they do so in a regular manner and to a limited, type-
speciﬁc degree (e.g., Dacey, 1993; Hitchcock, 1987; Loh-
mann & Wong, 2001; Wa¨ssle, Peichl, & Boycott, 1983).
Furthermore, at least in non-mammals, the level of den-
drite stratiﬁcation of a particular LGC type varies 7 quan-
titatively rather than categorically (Cook, 2003). In
Pholidapus, ac dendritic ﬁelds overlapped considerably
and irregularly with neighboring aa, aab, and biplexiform
cells and were stratiﬁed considerably closer to the ganglion
cell layer than the other LGC types suggesting that these
cells are not developmental abnormalities of any other
LGC type.
4.1.2. Implications of the observed within-type variation
According to the ‘‘one type, one mosaic’’ paradigm, all
sorts of variation observed within a single regular GC
mosaic should be interpreted as within-type variation.
The size, shape, and spatial density of most of the GC types
studied in this respect vary regularly across the retina,
resulting in a generally uniform coverage of diﬀerent retinal
areas, which is of great functional signiﬁcance (Peichl,
1991; Sernagor et al., 2001). At the same time, such charac-
ters as level of soma and dendrite stratiﬁcation or number
of primary dendrites may vary randomly among members
of the same type. This sort of variation is usually believed
to be of no functional signiﬁcance or attributed to minor
functions performed by a portion of members of the same
type (and mosaic) in addition to the major function served
by all members of that mosaic (Cook, 1998, 2003). Such
characters of Pholidapus LGCs as size, shape, and asymme-
try of dendritic ﬁeld and spatial density of cell mosaic were
apparently subject to both region-dependent and random
variation, while level of soma and dendrite stratiﬁcation
varied randomly remaining, however, within certain,
type-speciﬁc limits (see below). The Pholidapus retina pos-
sesses a moderately pronounced area retinae temporalis,
where the GC density is greater than in the rest of the ret-
ina (Kondrashev, Pushchin, unpubl. observ.). This
accounts for smaller dendritic ﬁeld size and greater spatial
density of aa and aab cells, as well as smaller NNDs and
exclusion radii of their mosaics, in the dorsotemporal
retina.
In Pholidapus, both aa and aab mosaics contained cells
with orthotopic and displaced somata. In either cell type,
however, displaced and orthotopic cells formed a single
mosaic suggesting their belonging to the same type. The
degree of displacement diﬀered greatly between the types:
While many aa cells had somata displaced to sublamina a
of the IPL, most aab somata were orthotopic, with a small
portion displaced to sublamina c of the IPL. In other non-
mammals, a considerable portion of aa somata may be dis-
placed to the IPL to a various degree, while aab somata are
normally orthotopic (e.g., Cook & Becker, 1991; Cook &
Noden, 1998; Shamim et al., 1999). The only possible
exception is aab somata of some frogs studied by Shamim
et al. (1997b). The authors claimed that ‘‘almost all {aab
somata} were orthotopic’’ suggesting that some were not.
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in Cook and Becker (1991), who suggested that wide-ﬁeld,
oﬀ-centre GCs such as aa cells may beneﬁt from minimizing
their dendritic length by displacing their somata closer to
the stratiﬁcation plane, but that this beneﬁt has to be bal-
anced against ‘‘other beneﬁts presumed to accrue from a
strict alteration of cellular and plexiform layers’’. Alterna-
tively, this type of variation may be no more than ‘‘devel-
opmental accidents’’ of no functional importance (Cook,
1998).
4.2. Relation to large ganglion cells in other animals
aa and aab cells reported in this paper have much in
common with aa and a(a)b cells known from other teleost
ﬁshes (Collin, 1989; Cook & Becker, 1991; Cook & Shar-
ma, 1995; Cook et al., 1992, 1996, 1999; Dunn-Meynell
& Sharma, 1986; Hitchcock & Easter, 1986; Kock & Reu-
ter, 1978a; Kock & Reuter, 1978b; Kondrashev, 1992b;
Podugolnikova, 1985; Podugolnikova et al., 1998a,b,
2002; Vallerga & Djamgoz, 1991). In all species including
Pholidapus, both cell types shared a common pattern of
dendrite course, arborization, and stratiﬁcation. Their
within-type variation in diﬀerent species was also strikingly
similar (see section 4.1.2). LGCs similar and potentially
homologous to Pholidapus aa and aab cells were also
described in other non-mammals (e.g., Arkin & Miller,
1988; Chen & Naito, 1999; Frank & Hollyﬁeld, 1987; Guil-
oﬀ & Kolb, 1992; Martinez-Marcos, Lanuza, & Martinez-
Garcia, 2002). In several amphibia and a reptile, the inde-
pendence of the distinguished types was conﬁrmed by
NND distribution and correlogram analysis (Cook &
Noden, 1998; Shamim et al., 1997a,b, 1999).
The observed spatial density and regularity of a GC
mosaic is aﬀected by (1) random cell undersampling, retinal
shrinkage and other experimental artifacts, (2) random var-
iation, (3) regular region-dependent variation, and (4) age-
related variation. Given this, the spatial density and regu-
larity estimates of Pholidapus aa and ab mosaics are quite
comparable with corresponding estimates for other anam-
niote species as are their total numbers (Tables 1 and 2).
The aa:aab spatial density ratio estimates in Pholidapus
are comparable to those in other anamniotes [goldﬁsh,
1:3.089 (Cook et al., 1992); channel catﬁsh, 1.06:1 to
1:1.06 (Cook & Sharma, 1995); tilapia, 1:3.03 (Cook &
Becker, 1991); ronquil, 1:2.59 to 1:4.11 (Cook et al.,
1999); cane toad, 1:2.05 (Shamim et al., 1999); edible frog,
1:4.83; northern leopard frog, 1:3.63 (Shamim et al.,
1997a); African clawed frog, 1:3.31 (Shamim et al.,
1997b); common house gecko, 1:2.69 (Cook & Noden,
1998)]. Biplexiform cells also have much in common with
biplexiform cells found in goldﬁsh and several perciform
and scorpaeniform species (Cook et al., 1996; Podugolnik-
ova et al., 1998a; Pushchin & Kondrashev, 2003).
Together, our present and previous ﬁndings support the
hypothesis of symplesiomorphy and potential homology
of aa, ab, and biplexiform cells across the anamniotes.4.3. Functional implications and central projections
Of the four Pholidapus LGC types identiﬁed after HRP
application to the optic nerve, three (aa, aab, and biplexi-
form cells) were also labeled from the optic tectum. The
same three types were recently shown to project to the optic
tectum in two other neoteleosts,Myoxocephalus stelleri and
Hexagrammos octogrammus (Kondrashev et al., 1999;
Podugolnikova & Kondrashev, 1998; Podugolnikova
et al., 2002). As was mentioned above, exclusion radius is
altered by linear scaling, but is highly resistant to random
undersampling. The spatial density and exclusion radii of
Pholidapus aab mosaics labeled from the optic nerve, i.e.,
irrespective of their projection site in the brain, are com-
pared to those of OT-labeled aab mosaics depending more
on retinal region than on HRP application site (Table 1).
This implies that similar fractions of aab cells were labeled
from the optic nerve and optic tectum suggesting that the
majority of them project to this visual center. The situation
with aa cells is less deﬁnite: While the spatial densities of
the ON- and OT-labeled mosaics are similar, their exclu-
sion radii are not (Table 1). The diﬀerences may be due
to region-dependent density variation or a lack of material
(presently, only one tectum-labeled aa mosaic is available
for comparison).
The fact that (1) Pholidapus aa and aab cells in OT-
labeled wholemounts are comparable in number to those
in ON-labeled wholemounts, (2) OT-labeled mosaics of
the three types retain arrangement regularity, and (3) tectal
projection of the three LGC types generally displays retino-
topic order implies that the OT is their major projection
area. This conclusion is consistent with electrophysiologi-
cal recordings of OT-projecting GCs (considered below).
In the previous paper (Pushchin & Kondrashev, 2003),
we came to the same conclusion on biplexiform cells.
The absence of ac cells in OT-labeled wholemounts may
be accounted for by their capricious labeling. Alternatively,
these cells may not project to the optic tectum. The latter is
supported by the fact that in the Alaska greenling and
Steller’s sculpin, ac cells occurred regularly, though less fre-
quently than other LGCs, in ON-labeled wholemounts, but
were not revealed after HRP application to the optic tec-
tum (Podugolnikova et al., 2002). In frogs, ac cells are
known to project to the neuropil of Bellonci and may medi-
ate phototactic and color-speciﬁc responses in both tad-
poles and adult frogs (Kondrashev, 1992a). Cook and
Sharma (1995) cited evidence suggesting that ﬁsh ac cells
may project to a homologue of the neuropil of Bellonci
and proposed that these cells, similar to their counterparts
in frog, mediate phototaxis and the control of circadian
rhythms. Neither function requires high spatial resolution,
consistent with relatively rare occurrence of ac cells in some
ﬁshes. There is evidence that amphibian LGCs projecting
to the optic tectum send axon collaterals to the pretectum
(Stirling and Merrill, 1987). This may also hold for ﬁsh
large GCs. Consistent with this, Saidel and Butler (1997)
showed that LGCs project to nucleus rostrolateralis of the
Table 2

































aa aab aa aab aa aab aa aab aa aab aa aab aa aab
Total retinal area (mm2) 23.5 23.5 56.94 56.94 16.01 16.01 10.2 10.2 22.2 27.85 27.85 32.69 32.69 86.9 86.9 73.5 73.5 66.6 66.6 17.0 17.0 13.75 13.75
Sample area (mm2)  3.95 3.95 15.74 15.74 2.47 2.47 10.2 10.2 19.6 2.58 2.79 2.28 2.18 7.74 7.74 67.1 67.1 3.40 3.40 16.2 16.2 3.00 3.00
Number of cells in sample 45 139 118 125 54 51 263 797 276 73 205 39 154 71 146 340 1644 54 196 139 460 94 253
Mean density (cells/mm2) 11.39 35.19 7.49 7.94 21.86 20.65 25.78 78.13 14.08 28.3 73.5 17.1 70.6 9.2 18.9 5.1 24.5 15.9 57.6 8.6 28.4 31.3 84.3
Total number of cells in the
retina*
265 818 426 452 350 331 263 797 313 788 2047 559 2307 799 1642 372 1800 1059 3836 147 485 430 1160
NND (mean ± standard error
of mean, lm)
232.8 ± 7.68 121.9 ± 1.96 279 ± 6 242 ± 5 155 ± 8 153 ± 5 147.7 ± 1.8 89.5 ± 0.58 208.3 ± 2.62 146 ± 3 88 ± 1 182 ± 6 94 ± 2 215 ± 8 145 ± 4 260 ± 5 129 ± 1 191 ± 7 92 ± 2 222 ± 6 132 ± 1 131 ± 4 76 ± 1
P-value of NND distribution
diﬀerence from Rayleigh
distribution
0.0001 0.0001 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001 0.0001 0.001 0.001 — — — — — — — — — — 0.0001 0.0001
P-value of NND distribution
diﬀerence from Gaussian
distribution
— — n.s. n.s. n.s. n.s. n.s. n.s. n.s. — — — — n.s. n.s. — — — — — — n.s. n.s.
Conformity ratio 4.52 5.25 3.98 4.14 2.77 4.25 5.05 5.42 4.79 5.88 4.85 4.62 4.38 3.15 2.71 2.94 3.16 3.48 3.71 3.04 4.16 3.78 4.32
P-value 0.0001 0.0001 0.0001 0.0001 0.01 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Exclusion radius (lm) from
autocorrelograms
— — 192 171 85 98 — — — 111 59 123 62 137 79 148 81 133 60 141 91 84 52
P-value — — 0.0001 0.0001 0.0001 0.0001 — — — 0.001 0.001 0.001 0.001 — — — — — — — — — —
From 1Cook et al. (1992); 2Cook and Sharma (1995); 3Cook and Becker (1991); 4Cook et al. (1999); 5Shamim et al. (1999); 6Shamim et al. (1997)a (based on samples of the maximal size); 7Shamim et al. (1997)b; Cook and Noden (1998).
—, data unavailable.
n.s., diﬀerences are nonsigniﬁcant.



































3224 I.I. Pushchin et al. / Vision Research 47 (2007) 3212–3227diencephalon in the African butterﬂy ﬁsh Pantodon buc-
hholzi. The authors did not provide any detail that could
help identify LGC types.
The data on direct correlation between the morphology
and physiological properties of ﬁsh GCs are poor. Actu-
ally, the only relevant study is that by Vallerga and Dja-
mgoz (1991), who recorded responses of goldﬁsh GCs to
light stimuli. The cells recorded from were then HRP-
injected. The authors distinguished several morphophysio-
logical GC types. The types named Ewa/+ and Ewba+
correspond by dendritic ﬁeld size and shape and level of
dendrite stratiﬁcation in the IPL to Pholidapus aa and aab
cells, respectively. Ewa/+ cells responded by tonic hyper-
polarization to light onset (light intensity increase) and
by tonic depolarization to light oﬀset (light intensity
decrease). Ewba+ cells responded to the respective stimuli
in the manner opposite to that of Ewa/+ cells.
In ﬁsh, a variety of physiological GC types have been
identiﬁed by recordings from the optic tectum (Cronly-Dil-
lon, 1964; Galand & Liege, 1975; Jacobson & Gaze, 1964;
Maximov, Maximova, & Maximov, 2005; Maximova,
Dimentman, Maximov, Nikolayev, & Orlov, 1975; Maxim-
ova & Maximov, 1981; Maximova et al., 1971; Sutterlin &
Prosser, 1970; Zenkin & Pigarev, 1969). They diﬀer in pre-
ferred stimuli, receptive ﬁeld size, type of receptive ﬁeld
center response and display some degree of axon segrega-
tion with depth in the tectum. The size of the GC receptive
ﬁeld center is known to correlate well with dendritic ﬁeld
area (Kier, Buchsbaum, & Sterling, 1995; Peichl & Wa¨ssle,
1983; Yang & Masland, 1994); there are, however, exclu-
sions; see Cook et al., 1999), and the type of receptive ﬁeld
center response generally corresponds to the level of den-
drite stratiﬁcation in the IPL (Famiglietti, Kaneko, &
Tachibana, 1977; Famiglietti & Kolb, 1976). Given this,
we suggest that probable physiological counterparts of
Pholidapus aa and ac cells are spontaneously active units
(dimming and lightening detectors), characterized by con-
stant impulse activity and center/periphery antagonism
(Cronly-Dillon, 1964; Galand & Liege, 1975; Jacobson &
Gaze, 1964; Maximova et al., 1971; Sutterlin & Prosser,
1970; Zenkin & Pigarev, 1969). As was mentioned above,
Pholidapus aa and ac cells comprise, together with biplexi-
form cells, the largest GC group with dendritic ﬁelds con-
siderably larger than those of non-large GCs. In
accordance with this, the receptive ﬁeld center of spontane-
ously active units is greater than those of the rest of the
physiological types known from recordings from the optic
tectum.
The probable counterparts of aa cells, monostratiﬁed in
sublamina a of the IPL, are dimming detectors, character-
ized by an Oﬀ-type receptive ﬁeld center response. Consis-
tent with this, Stirling and Merrill (1987) showed that aa
cells correspond to dimming detectors in the frog Rana
pipiens.
Another potential counterpart of dimming detectors
could be biplexiform cells as their proximal dendritic ﬁelds
are similar in size to those of aa cells and are also stratiﬁedin sublamina a of the IPL. However, in amphibia and
mammals, biplexiform cells receive direct inputs from dis-
tal retinal neurons, as is the case in other vertebrates
(Straznicky & Gabriel, 1995; Zrenner, Nelson, & Mariani,
1983). Their responses therefore probably diﬀer from near-
classical OFF-type receptive ﬁeld center response exhibited
by dimming detectors.
ac cells, monostratiﬁed in sublamina c of the IPL, may
correspond to another group of spontaneously active units,
lightening detectors, characterized by an On-type receptive
ﬁeld center response. This, however, is not compatible with
the fact that these cells were not found in the retinal whole-
mounts after HRP application to the optic tectum.
Probable physiological counterparts of Pholidapus aab
cells are so-called changing contrast detectors. The den-
dritic ﬁeld of aab cells is smaller than those of aa, ac, and
biplexiform cells. In accordance with this, the receptive
ﬁeld of changing contrast detectors is smaller than those
of dimming and lightening detectors. Changing contrast
detectors exhibit a distinct On–Oﬀ-type reaction to changes
in ambient illumination, which is consistent with aab
(bi)stratiﬁcation in both IPL halves. They provide maxi-
mum response to small spots (33–50% of the RF size)
and display center/periphery antagonism (Maximova
et al., 1971; Zenkin & Pigarev, 1969). In pike, these units
are further subdivided into three groups based on receptive
ﬁeld size and preferred stimulus movement speed (Zenkin
& Pigarev, 1969). Proceeding from the receptive ﬁeld size
and regularity of occurrence of diﬀerent units, in pike,
probable physiological counterparts of Pholidapus aab cells
are large-ﬁeld units responding to fast-moving stimuli.
Other potential physiological counterparts of aab cells
might be either directionally-selective units or horizontal
edge detectors, whose receptive ﬁelds are comparable in
size to those of changing contrast detectors in some species
(Maximova et al., 1971; Zenkin & Pigarev, 1969). How-
ever, ﬁsh directionals comprise several types similar in their
receptive ﬁeld size and other response characteristics but
diﬀering in preferred direction of stimulus movement
(Cronly-Dillon, 1964; Jacobson & Gaze, 1964; Maximov
et al., 1971; Maximova et al., 2005). Their morphological
counterparts are therefore expected to have similar mor-
phology, but form several spatially independent regular
mosaics in the retina (Cook, 2003), while all neighboring
aab cells identiﬁed in our wholemounts apparently com-
prised a single mosaic. As to horizontal edge detectors
described by Zenkin and Pigarev (1969), their diﬀuse illu-
mination provoked rare OFF discharges, which is inconsis-
tent with bistratiﬁcation of aab cells (there are, however,
exclusions from the ‘‘classical’’ correspondence between
GC stratiﬁcation pattern and response character; see Cook
et al., 1999).
A major visual center, the optic tectum plays a crucial
role in ﬁsh visual behavior (Vanegas, Williams, & Essayag,
1984; Vanegas et al., 1984). It is involved in the detection of
form and mediates precise orienting responses of body and
eyes, prey capture and predator escape reactions (Meyer,
I.I. Pushchin et al. / Vision Research 47 (2007) 3212–3227 3225Schott, & Schaefer, 1970; Springer, Easter, & Agranoﬀ,
1977; Gahtan, Tanger, & Baier, 2005; Herrero, Rodrı´guez,
Salas, & Torres, 1998; Salas, Herrero, Rodrı´guez, & Tor-
res, 1997; Yager, Sharma, & Grover, 1977). In goldﬁsh,
the tectum is involved in some visual discrimination tasks
(Davis & Klinger, 1987; Yager et al., 1977). This is consis-
tent with functional roles proposed for the physiological
GC types that we related to the Pholidapus LGCs (Zenkin
& Pigarev, 1969). Fish dimming and lightening detectors
respond well to movement of stimuli of various sizes at a
variety of speeds. They are suggested to participate in ori-
entation and escape reactions as well as general activity
regulation such as circadian rhythms. Changing contrast
detectors react to the movement of various size stimuli;
the maximum response is evoked by small-size objects
(0.33–0.5 of the receptive ﬁeld size). These units are
believed to participate in prey selection and capture.
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